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Abstract
We report on time dependent Stokes shift measurements of single molecules. Broadband
excitation and emission spectroscopy were applied to study the temporal Stokes shift
evolution of single perylene diimide molecules (PDI) embedded in a polymer matrix
on the time scale of seconds. The Stokes shift varied between individual molecules as
well as for single molecules undergoing different conformations and geometries. From
the distribution and temporal evolution of Stokes shifts, we unravel the interplay of
nano-environment and molecular conformation. We found that Stokes shift fluctuations
are related to simultaneous and unidirectional shifts of both emission and excitation
spectra.
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The first experiments on optical detection of a single molecule were based on resonant
excitation at low temperatures.1,2 The excitation spectra measured by the sweep of a narrow-
band dye laser provided an unexpected wealth of information such as fluorescence lifetimes,3
quantum jumps,2 spectral diffusion processes,4 photon antibunching,5 blinking dynamics6
and magnetic resonance effects.7 Single molecule spectroscopy has developed into a stan-
dard technique in many aspects of science.8–11 Extending the applicability of single molecule
spectroscopy to room temperatures and living cells supported this progress.12–14
Since these first experiments, the obtainable information such as emission spectra, pho-
ton distributions, positions and orientations of individual emitters have become accessible
in the lab as well as by commercial setups.15–17 However, measuring excitation spectra of
a single molecule at room temperature remains challenging. Especially for strong phonon
broadening, the red shifted fluorescence signal is weak, increasing the acquisition time for an
excitation spectrum. Furthermore, at room temperature, the excited molecule is vulnerable
to photo-oxidation. Nevertheless, the Stokes shift of a single molecule can be determined
by measuring emission and excitation spectrum simultaneously and has been reported re-
cently.18–20 Stopel et al. applied a tuneable laser source to excite single molecules at discrete
steps of different wavelengths to reconstruct the excitation spectrum. They found that single
molecule Stokes shifts are not inherently constant for chemically equivalent dye molecules.
The experimentally determined Stokes shifts formed a broad distribution.19 In the most re-
cent study by Piatkowski et al., excitation spectra were acquired for about two minutes by a
broadband Fourier approach.20 The method’s advantage is the robustness against blinking
and bleaching of the observed molecule. While these studies already revealed unexpected
information on the photo-physics of single molecules, the temporal evolution of the Stokes
shift during spectral diffusion processes remained unknown. It is worthwhile to push the
temporal resolution of excitation and emission acquisition to the time scale of seconds and
below where spectral diffusion can be observed. This information is not only desirable from a
photo-physical point but is of great importance for single molecule Förster resonance energy
3
transfer (FRET) based experiments where the spectral overlap between emission of donor
and absorption of acceptor strongly impact the transfer efficiency.21–24
Here we present an experiment that allows us to study the temporal evolution of emis-
sion, excitation and Stokes shift of photo-stable single PDI molecules in a polymer matrix.
PDI molecules of this type have been shown to exhibit strong and temperature-dependent
fluctuations between different conformations.15,25–29 As a consequence, these molecules show
strong shifts in emission energies while the impact on the absorption remains unknown.
We explored differences between individual molecules and their time-dependent behavior,
revealing the influence of nano-environment and molecular conformation.
Single PDI molecules were studied at room temperature under ambient conditions and at
77K in vacuum by confocal microscopy as explained in the experimental section. At room
temperature, 38 single molecule time-traces with a length of t = 10−160 s were recorded. At
77K, 32 time-traces were measured. The accessible length of time-traces varied depending
on the photo-stability between t = 20− 2000 s. Figure 1 shows a representative example of
400 consecutive emission and excitation spectra of a single PDI molecule at 77K recorded
for 37minutes. We determined the Stokes shift from the difference of the main emission
and excitation peaks (marked as red dots in the Figure). Both emission and excitation
spectra show simultaneous and discrete energetically different transitions. The investigated
PDI molecules are known to form different conformations depending on the orientation of
the four substituents in bay positions.15,25,27,29 The chemical structure of PDI is shown in
the experimental section. Transitions between different molecular conformations have been
extensively studied and are observable even for molecules embedded in polymer matrices
beyond the glass transition temperature.15,25,28,29 In the present example, several distinct
spectral jumps were observed. The emission spectrum shifts over an energy range of about
50meV which is comparable to the overall difference in transition energies for all possible
conformations of 88meV calculated by Fron et al.27 Additionally, we would like to mention
that the energy range of the emission and excitation peak positions covered by all measured
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molecules in this study is about 100meV.
For t = 630− 1050 s (state A) and t = 1050− 1520 s (state B) in Figure 1 the averaged
emission and excitation spectra are shown above the time-traces. The main emission peak
appears at 2.003 eV for state A and at 1.977 eV for state B. The corresponding excitation
spectrum shows a comparable main peak at 2.036 eV for state A and 2.000 eV for state B,
which is assigned to transitions from the S0 ground state to S1 states. Additionally, emission
and excitation spectra feature at least one distinct vibronic sideband. The energy differences
for two consecutive states A and B, either in emission or excitation, were calculated from
the peak energy differences ∆E = EB − EA. From emission and excitation maxima follows
a Stokes shift of 33meV in state A, which decreases to 23meV in state B. This change in
Stokes shift of 10meV is small in comparison to the change in the peak position of emission
∆Eem = 26meV and excitation ∆Eex = 36meV. These comparably small changes of the
Stokes shift apply for all spectral fluctuations in Figure 1 and are typical for every measured
single molecule.
For a detailed discussion of how conformational changes influence emission and excitation
properties, we evaluated for all molecules every spectral jump above a threshold of 5meV.
Smaller spectral fluctuations were observed but neglected due to their high fluctuation fre-
quency and therefore insufficient evaluation accuracy. We observed only minor changes of
spectral shape and intensity during these jumps. Spectral jumps were found to occur si-
multaneously within our experimental time resolution (3 s at 300K and 5.5 s at 77K for one
emission and excitation spectrum). Figure 2 (top) shows a nearly linear and temperature-
independent correlation between ∆Eem and ∆Eex. It can be seen that emission and excitation
always shift synchronously to higher or lower energies, respectively (quadrants i and iii). No
anti-correlation or opposite dynamics could be observed (quadrants ii and iv).
We further examined the variations of the Stokes shift ∆EStokes as a function of emission
energy fluctuations ∆Eem in Figure 2 (bottom). At 300K, increasing and decreasing Stokes
shifts were measured during spectral fluctuations. They were caused by different jump widths
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Figure 1: Time dependent emission and excitation spectra of a single PDI molecule at 77K.
Red dots indicate the peak positions gained from fitting the spectra. Changes between
discrete states of emission and excitation are simultaneously occurring. The averaged and
normalized spectra of conformation A and B (marked by dashed lines) are presented above
the time-trace.
of emission or excitation, respectively. These processes are reversible. Consequently, spectral
jumps appear in quadrants I to IV. At 77K, spectral jumps appear only in quadrant II and
IV. This means that shifts of emission energy are larger than shifts of excitation energy at
low temperatures. We assume a temperature dependent correlation between emission and
excitation shifts. For both temperatures, the largest Stokes shift changes were ∆EStokes =
±15meV.
Now we discuss the Stokes shift variations ∆EStokes of individual single molecule time-
traces with respect to the overall Stokes shift distribution of all molecules measured. Figure 3
shows the distribution of average Stokes shifts. Each value results from calculating the mean
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Figure 2: Quadrants i) to iv): spectral jumps ∆Eex vs. ∆Eem above a threshold of 5meV at
300K (red) and 77K (black). Quadrants I) to IV): Stokes shift variations ∆EStokes for the
spectral jumps above.
Stokes shift of a complete time-trace. At 300K we found a broad distribution of Stokes shifts
centered around 65meV. The width of the distribution shows that Stokes shift variations of
∆EStokes ≈ 70meV are possible despite chemically identical molecules. This value far exceeds
the maximal Stokes shift variations of 15meV which have been found within individual spec-
tral time-traces. From the broad and temperature-dependent Stokes shift distribution, we
conclude that the nanoscopic environment of the molecules is responsible for large differences
in the Stokes shift. This can be explained by a different strength in interaction of individual
molecules either to their own phenoxy side groups27 or the surrounding polystyrene matrix.
Large spectral jumps in emission and excitation up to 80meV as observed for individual
molecules within a spectral time-trace do not influence the Stokes shift to the same extent.
Vallée et al. have shown that geometrical fluctuations can occur within the volume available
for geometrical rearrangements of the molecule in a polymer below the glass transition tem-
perature.28 These changes do not require a large rearrangement of the chromophoric PDI
backbone with respect to the polymer environment. We suggest that the resulting impact on
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Figure 3: Occurrence of average Stokes shift values E¯Stokes of single molecule spectral time-
traces at 300K and 77K. With higher temperature, the distribution of Stokes shifts is broader
and located at higher values. The right graph shows the average of all spectra measured.
The average Stokes shift increases due to increased line-broadening (indicated by arrows) at
300K.
coupling is comparably small, leading to minor Stokes shift variations during measurement
of an individual molecule. This is reasonable since the phenoxy side groups are immobilized
by the rigid polymer below the glass transition temperature. Temperature lowering to 77K
results in a narrowed distribution of Stokes shifts centered at 50meV. The smaller Stokes
shifts at 77K can be assigned to a reduction of the phonon wing by annihilation of phonons
at low temperatures.30 The phonon wing is responsible for the line-broadening of the main
emission and excitation peak at elevated temperatures resulting in a dislocation of peak
centers and therefore larger Stokes shifts as shown in Figure 3.
In conclusion, we performed time dependent emission and broadband excitation spec-
troscopy of single perylene diimide molecules on the time scale of seconds. Varying states
of emission and excitation energies were observed and attributed to different fluctuating
molecular geometries caused by interactions with the heterogeneous environment. We found
that emission and excitation spectra change at the same time. Emission and excitation spec-
tra showed simultaneous red or blue shifts, respectively. Spectral jump widths of emission
and excitation were found to be different, leading to Stokes shift variations with a maxi-
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mum difference of 15meV within single molecule spectral time-traces. Since the molecules
are immobilized within the polymer matrix below glass transition temperature, we assume
that these minor variations are caused by twisting of the chromophoric PDI backbone.28 In
contrast, stronger variations of the average Stokes shifts between different molecules were
observed, covering an energy range of 70meV. This can be explained by different coupling
of the static nanoscopic environment and the phenoxy side groups to the PDI chromophoric
backbone.
Experimental
The perylene diimide derivate N,N’-Dibutyl-1,6,7,12 - tetra (4- tert-butylphenoxy) perylene-
3,4:9,10-tetracarboxylic acid bisimide (PDI) was synthesized by Würthner et al.31 and em-
bedded in a poly(styrene) (PS) matrix with a molecular weight of 20 kg/mol. A PS toluene
solution was doped with 10−10 mol/l PDI and spincoated onto silicon dioxide substrates.
Single molecule confocal microscopy and emission spectroscopy as a function of obesrvation
time were performed as previously described.32 For excitation spectra acquisition, a tune-
able supercontinuum white light laser source (SuperK EXR-15 with SELECTplus filter, NKT
Photonics) was used. Excitation spectra were measured by detecting the photoluminescence
above 640 nm with a longpass filter. Emission spectra were measured with an excitation
wavelength of λex = 560 nm. A non-polarizing 50:50 beam splitter separated the fluores-
cence signal into two equal fractions for subsequent excitation and emission measurements.
A scheme of the experimental setup is given in Figure 4. At 300K, emission spectra were
acquired for 0.5 s (1 s at 77K) and excitation spectra for 2.5 s (4.5 s at 77K, longer acqui-
sition times due to cryostate and objective with lower numerical aperture). Fast switching
(10ms) between acquisition of emission and excitation was realized by utilizing an automated
bandpass filter and a spectrograph shutter.
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Figure 4: Scheme of the experimental setup. A supercontinuum laser provides a tuneable
excitation wavelength λex. In combination with achromatic beam splitters, fast switching
between emission (spectrograph) and excitation acquisition (ADP) was realized.
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